Purpose of review To summarize recent technological advancements and insight into the role of stroboscopy in laryngeal imaging.
INTRODUCTION
Stroboscopic imaging of vocal fold vibratory function during phonation continues to play a central role in diagnostic, therapeutic, and surgical decisions during the management and treatment of voice disorders. Although sampling rate limitations prevent stroboscopic imaging from capturing cycleto-cycle details of vocal fold vibratory characteristics, clinicians are able to observe many salient features that cannot be perceived at standard video frame rates. Although newer laryngeal imaging technologies -such as high-speed videoendoscopy (HSV), MRI, and optical coherence tomography [1] continue to enhance our ability to better define and quantify complex phonatory mechanisms, the cost effectiveness, ease of use, and synchronized audio and visual feedback provided by videostroboscopic assessment serve to maintain its predominant clinical role in laryngeal imaging. This review provides commentary on recent advances and insight into the application of stroboscopic imaging in clinical voice assessment and voice research.
TECHNOLOGICAL ADVANCEMENTS
Imaging of rapid vocal fold motion has a long and storied history. Oertel [2] published the earliest application of stroboscopic principles to observe vocal fold vibrations using a revolving disk with equally spaced holes to mechanically shutter a light source [3, 4] . Speakers had to match their pitch to the frequency of the rotating disk to enable the production of a sequence of images that was perceived 
Principles of stroboscopy
The scientific principles of stroboscopy are well known, but much of the classic voice literature mistakenly attributes the strobe effect to Talbot's law and the persistence of vision. Mehta et al. [5] recently debunked these misconceptions in a commentary that explained that two different visual perception phenomena actually play critical roles in laryngeal stroboscopy: the perception of a flickerfree, uniformly illuminated image (satisfied at strobe rates above 50 Hz) and the perception of apparent motion from sampled images when no real motion exists (satisfied at display rates above 17 Hz) [5] . These two requirements are satisfied in modern videostroboscopic systems [6] [7] [8] , which integrate stroboscopic principles with video-based technologies.
Videostroboscopy: coupling stroboscopic principles with video camera technology
The video recording process in the United States typically follows the National Television System Committee standard that sets the video capture rate to approximately 30 interlaced frames per second, with each frame comprising two half frames, called fields, that are captured at approximately 60 Hz (actual frame and field rates are 30/1.001 Hz and 60/1.001 Hz, respectively) [9] . In 1992, Kay Elemetrics (now KayPENTAX) introduced laryngeal stroboscopy systems that precisely controlled the triggering of light sources so that only one strobe occurred per video field, thereby eliminating artifacts that were previously present due to multiple exposures within each video field [6] . A detailed discussion of the interaction among strobe rate, video camera rate, and phonatory fundamental frequency is provided in Hillman and Mehta [10] .
No major technical advancements have been made in recent years regarding stroboscopic imaging. Videostroboscopic technologies typically enable two views of periodic vocal fold vibration. The systems can appear to freeze tissue motion at a selected phase in the periodic vibratory pattern, or they can create an apparent slow-motion view of the periodic vibratory cycles [10] . The specific implementation of sampling the motion of the vocal folds varies by manufacturer. For example, KayPENTAX systems trigger a Xenon light source to illuminate the larynx with flash durations of 5 microseconds [6] , whereas the ATMOS system flashes a lightemitting diode light source [8] . An alternative method, employed by JEDMED, applies a constant light source but performs stroboscopic sampling by electronically shuttering the image sensor of the camera [7] . Regardless of method, the flash or shutter durations are sufficiently short to prevent motion blur artifacts in images that may arise due to rapid vocal fold tissue movements that can approach velocities of 1 m/s [11] .
High-definition videostroboscopy
Recent advances in coupling stroboscopic systems with High-Definition video camera sensors provide unprecedented spatial resolution of the vocal fold structures involved in phonatory vibration (e.g., mucosa, superficial vasculature, etc.). The High-Definition Digital Stroboscopy System by KayPENTAX, for example, records interlaced video frames with a spatial resolution of 1920 Â 1080 pixels. This wideformat resolution is in contrast to standard-definition video resolution of 720 Â 480 pixels. A formal evaluation of high-definition versus standard-definition video for laryngeal imaging remains to be undertaken, but the significant improvements in image quality associated with high definition are expected to enhance clinical diagnostic capabilities.
KEY POINTS
Laryngeal videostroboscopy provides real-time audiovisual feedback and continues to be the imaging modality of choice by voice clinicians.
Recent advances in coupling stroboscopy with highdefinition video cameras provide higher spatial resolution of vocal fold vibratory function during phonation.
Interrater reliability of visual stroboscopic assessment varies depending on the laryngeal feature being rated, and only a subset of features may be necessary to represent an entire assessment.
Data suggest that although stroboscopy may be sensitive to certain vocal fold vibratory features such as phase asymmetry, the modality may lack the specificity exhibited by HSV that is required for adequate judgments to be made.
The potential integration of laryngeal HSV and other complementary imaging modalities into hybrid systems could help improve the management of voice disorders in routine clinical practice.
As with all imaging modalities, though, the extra resolution afforded is only beneficial if the image target fills up a large portion of the video frame. Figure 1 displays a side-by-side comparison of still frames obtained from standard-definition and high-definition videostroboscopy recordings during sustained phonation. High-definition systems provide added spatial resolution as compared with standard-definition systems, which exhibit pixelation at high levels of magnification.
VISUAL JUDGMENTS OF LARYNGEAL STROBOSCOPY
Efforts to standardize the assessment of laryngeal stroboscopic recordings have produced rating systems that primarily require judgments of various vocal fold vibratory characteristics/parameters and some additional observations [12] [13] [14] . 
Interrater reliability
The interrater reliability of judging the 10 parameters above during stroboscopic imaging has been investigated in a recent study [15 && ]. Although most of the interval-scaled parameters yielded adequate interrater reliability, the judgments of phase closure, phase symmetry, and regularity exhibited the poorest reliability and call into question the overall validity of obtaining these parameters. The two categorically scaled parameters of vertical level and glottal closure were judged so unreliably that it was suggested that their assessment might hold little information [15 && ]. Interestingly, parameters exhibiting the most reliable judgments -amplitude, vibratory behavior, and edge -were found by Kelley et al. [16 & ] to form a minimal subset of parameters that accounted for most of the variance of all the laryngeal stroboscopic characteristics. Although it is unclear whether clinicians are ready to completely dispense with making judgments of vocal fold phonatory parameters that have questionable reliability, it is hoped that ongoing efforts to assess the validity and reliability of measures will continue to inform the refinement and application of such rating schemes. As is well known, stroboscopic imaging has inherent limitations due to its sampling technique. The strobe effect can only be produced if the motion being observed is adequately periodic; thus, stroboscopy is typically incapable of revealing vocal fold vibratory patterns once dysphonia exceeds a moderate level [17] . Even when successful, stroboscopy can only provide a highly averaged visualization of periodic motion that is not sensitive enough to capture cycle-to-cycle variations in vocal fold vibration that have been linked to the degradation in acoustic voice quality measures [18] . HSV systems overcome these limitations by recording at frame rates much higher than, and not dependent on, a speaker's fundamental frequency. Figure 3 [10] illustrates the differences between HSV and stroboscopic sampling. A dual endoscopy was performed on a vocally healthy speaker and simultaneously captured HSV data at 6250 frames per second along with stroboscopic flashes of light triggered once per video field. With the speaker's fundamental frequency at 236 Hz, the HSV recording yielded an average of 26.5 frames per glottal cycle. In contrast, only one videostroboscopic frame (comprised of interlacing two consecutive video fields) is captured every eight glottal cycles. Role of stroboscopy in laryngeal imaging Mehta and Hillman
Which visualization is better?
Does the loss of information using stroboscopic imaging matter? One way to answer this question is to ask judges to rate laryngeal features from HSV and videostroboscopy recordings of sustained phonation and compare the ability of each modality to reliably reveal certain features. In a group of healthy speakers, it was found that the reliability of stroboscopic ratings was comparable with similar ratings made on HSV recordings, except for visual judgments of symmetry [19] . Other investigators found high intrarater and interrater reliability of phase asymmetry using stroboscopy in vocally healthy individuals [20] and speakers with voice disorders [21 && ]; however, the validity of stroboscopy-based judgments of phase asymmetry was called into question due to lower correlations with an objective measure of phase asymmetry as compared with HSV-based modalities [20,21 && ]. A case study also points to the need for HSV-based imaging to describe more detailed vocal fold tissue motion during pretherapy and posttherapy assessment [22 & ]. These results suggest that although stroboscopy may be sensitive to certain visual features, the modality may lack the specificity required for adequate judgments to be made.
In a study utilizing HSV of glottic cancer patients, variations in levels of acoustic jitter and shimmer were found to be unrelated to average measures of asymmetry; instead, a significant amount of the variation in acoustic jitter was accounted for by the standard deviation in the symmetry of phase and amplitude across the vibratory cycles [18] . This result has implications in terms of stroboscopic imaging because the apparently critical cycle-to-cycle variations in tissue vibratory behavior that were shown to be correlated with the degradation of the acoustic signal would not be reliably revealed using videostroboscopy. Further, as stroboscopic video only captures periodic vocal fold motion, it would be capable of only imaging the kind of highly repetitive asymmetries that do not appear to make a major contribution to disruptions in acoustic sound generation. Research efforts continue to determine optimal visualizations of voice production mechanisms [1, 23] .
CLINICAL ROLE OF STROBOSCOPY
In a survey of 273 members of the American Academy of Otolaryngology -Head and Neck Surgery (AAO-HNS), 84% of respondents reported that they perform videostroboscopy [24] . This result demonstrates the current routine use of stroboscopy by general otolaryngologists. In the pediatric population, stroboscopy continues to form an integral part of diagnostic voice assessment, even though obtaining high-quality rigid or flexible endoscopic recordings may be challenging in children [25] . Moreover, a pediatric vocal fold nodule rating scale has been developed based on videostroboscopic recordings of sustained vowel production [26] .
Diagnostic value of stroboscopy
Recent publications advocate the use of laryngeal stroboscopic assessment to diagnose general hoarseness [27, 28] , as well as specific pathological conditions, such as organic lesions [29] and vocal fold scarring [30] . Stroboscopic imaging also permits the clinician to simultaneously listen to a patient's voice quality while observing the motion of the vocal folds. A clinical practice guideline published by an AAO-HNS-sponsored committee recently reiterated that stroboscopy is advisable to evaluate vocal function related to hoarseness [28] . In particular, the committee notes that if auditory-perceptual judgments of an individual's dysphonia seem out of proportion with the results of a (nonstroboscopic) laryngoscopic examination, then stroboscopic assessment affords the ability to gain additional information regarding vocal fold tissue pliability that could help in explaining the hoarseness symptoms [28] .
Adoption of high-speed videoendoscopy
Even though HSV provides more detailed temporal information about vocal fold kinematics than stroboscopy, the eventual adoption of HSV into clinical practice will depend on the extent to which remaining practical, technical, and methodological challenges can be met. Such HSV-specific challenges include the relatively high cost of current systems, management and processing of large data files, limitations on memory size, potential thermal effects on tissue due to the intense light sources that are required, and a paucity of solid clinical research that demonstrates that HSV significantly improves the diagnosis and management of voice disorders (e.g., controlled clinical trials). Hybrid HSV-stroboscopy systems could take advantage and complement the outputs of each imaging modality -for example, by recording in stroboscopic mode by default to provide simultaneous audiovisual feedback and possessing the flexibility to switch to high-speed mode for specific, shortduration phonatory segments of interest to the clinician.
CONCLUSION
Laryngeal videostroboscopy continues to be the imaging modality of choice by voice clinicians due to its historical use and ability to efficiently capture many salient vocal fold vibratory characteristics. Because visual and objective assessments of certain laryngeal features can be unreliable using stroboscopic imaging, further research is warranted into the integration of laryngeal HSV and other alternate imaging modalities into routine clinical practice to improve the management of voice disorders.
